Background: The construction of high-voltage direct current (HVDC) lines for the long-distance transport of energy is becoming increasingly popular. This has raised public concern about potential environmental impacts of the static electric fields (EF) produced under and near HVDC power lines. As the second part of a comprehensive literature analysis, the aim of this systematic review was to assess the effects of static EF exposure on biological functions in invertebrates and plants and to provide the basis for an environmental impact assessment of such exposures. Methods: The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) was used to guide the methodological conduct and reporting. Results: Thirty-three studies -14 invertebrate and 19 plant studies -met the eligibility criteria and were included in this review. The reported behavioral responses of insects and planarians upon exposure strongly suggest that invertebrates are able to perceive the presence of a static EF. Many other studies reported effects on physiological functions that were expressed as, for example, altered metabolic activity or delayed reproductive and developmental stages in invertebrates. In plants, leaf damage, alterations in germination rates, growth and yield, or variations in the concentration of essential elements, for example, have been reported. However, these physiological responses and changes in plant morphology appear to be secondary to surface stimulation by the static EF or caused by concomitant parameters of the electrostatic environment. Furthermore, all of the included studies suffered from methodological flaws, which lowered credibility in the results. Conclusion: At field levels encountered from natural sources or HVDC lines (< 35 kV/m), the available data provide reliable evidence that static EF can trigger behavioral responses in invertebrates, but they do not provide evidence for adverse effects of static EF on other biological functions in invertebrates and plants. At far higher field levels (> 35 kV/m), adverse effects on physiology and morphology, presumably caused by corona-action, appear to be more likely. Higher quality studies are needed to unravel the role of air ions, ozone, nitric oxide and corona current on alterations in physiological functions and morphology.
Introduction
All living organisms, including humans, animals and plants are exposed to atmospheric static electric fields (EF).
1 Other sources of static EF include subways, trams and overhead high-voltage direct current (HVDC) power lines. Researchers have studied the potential effects of such fields on biological functions over many decades.
Because HVDC lines can transport electricity over long distances with low line losses, HVDC lines have been constructed on land and submarine configurations. More recently, new HVDC lines are planned to transfer power generated by remote renewable wind, solar, and hydro sources to more urban areas where the demand is greatest. The characteristics of an HVDC line environment are illustrated in Fig. 1 .
The potential biological effects of static EF have been evaluated in various governmental environmental impact assessments (Bailey et al., 1982 (Bailey et al., , 1997 Kowalczuk et al., 1991; Lee et al., 1979; McKinlay et al., 2004) . However, static EF have received less attention than static magnetic fields (MF) because static EF do not penetrate living systems and should thus only be able to act on the surface of an organism (World Health Organization, 2006) . Also, static EF levels around HVDC lines which are up to 35 kV/m ( ± 600-kV HVDC transmission line) (Maruvada, 2012) , overlap with those naturally occurring due to thunderstorms and other weather-related events (World Health Organization, 2006) and static charges on clothing (Johnson, 1985 Since HVDC lines are being considered in Germany for the transfer of power from renewable sources in the north to southern industrial areas and no recent assessments of static EF effects have been published, it is appropriate to assess the biological effects of static EF as part of national environmental planning. Also, The German Commission on Radiological Protection SSK (2013) and the Scientific Committee on Emerging and Newly Identified Health Risks SCENIHR (2015) have encouraged further research projects in this field, in particular, with respect to the conditions that affect perception thresholds.
In a previous systematic review (Petri et al., 2017) , we evaluated and critically appraised the internal validity of 48 studies on the biological effects of static EF on humans and vertebrates. Those studies provide convincing evidence that humans and other vertebrates are able to perceive the presence of static EF. Many of the animal studies also reported alterations in physiological functions upon exposure to static EF (e.g., metabolic activity, immunological, hematological or reproductive parameters -to name but a few) and some authors have hypothesized that the fields may penetrate tissue and directly affect cell functions (Altmann, 1969; Arzruny et al., 1999; Atalay and Güler, 1995; Güler et al., 1996; Möse et al., 1971; Sahakyan et al., 2015) . However, as living systems are well shielded from the direct influence of static EF, the evidence strongly supports superficial sensory stimulation of hair and skin as the indirect source of physiological responses. A large number of animal studies included methodological flaws that raised concerns about the internal validity of these studies. Further, if not properly designed, the exposure apparatus and experimental setting could have been a source of potential confounders such as ozone, air ions, microshocks, or noise.
The present systematic review constitutes the second part of our comprehensive literature analysis of static EF influences on living organisms. Here, we evaluate and critically appraise the internal validity of experimental studies conducted on invertebrates and plants with exposures to static EF. The vast diversity of invertebrate species and their considerable biomass are essential to the ecological balance. They contribute to the pollination of plants and seed dispersal, aeration and formation of the soil, nutrient recycling through degradation of plant materials, and they form an important part of the food chain. Plantsjust like invertebrates -play a vital and central role in ecosystems. They are an essential source of food and renewable resources for humans and animals. Plants also provide shelter and breeding grounds for many The EF strength decreases from the positive (+ V) and negative (-V) polarity conductors of the power line with distance to the ground. The EF around the conductors can produce electrical discharges (corona) which is accompanied by ionization of the surrounding air molecules (see B for distribution) and the release of trace amounts of ozone and nitric oxide. An object underneath a power line (here a tree) is shown to perturb the uniformity of the field and field lines concentrate on parts closest to the conductor, which leads to an increase of the local EF strength at the surface of the tree (purple and blue parts of the field lines). When the field increase is high enough, corona also is initiated and air molecules ionized at the tip of the objects. (B) Detail of the distribution of the static EF and corona-produced air ions around the + V and -V conductors. Environmental Research 160 (2018) 60-76 species and they help keep the soil anchored. Because of the variety and importance of the roles of invertebrates and plants, they should be evaluated as part of an environmental assessment for potential effects of HVDC lines. As in our first part of the review, we considered whether the influence of static EF is restricted to the organisms' surface or whether they may potentially affect internal biological functions and the lifecycle of organisms through other indirect biophysical mechanisms. This evaluation was intended to provide a basis for estimating the potential effects of static EF on invertebrates and plants and the relevance to the levels of static EF associated with the operation of HVDC power lines.
Methods

General information and literature search strategy
This review conforms to the "Preferred Reporting Items for Systematic Reviews and Meta-Analyses" (PRISMA) statement (Moher et al., 2009) .
Articles for inclusion in the present systematic review and our previously published systematic review on humans and vertebrates (Petri et al., 2017) were identified in a search using the same literature database query in our thematically specialized, open-access literature database EMF-Portal (www.emf-portal.org). The search period was from inception to May 2017.
The EMF-Portal is the most comprehensive scientific literature database on biological and health-related effects of electromagnetic fields with currently 25.200 records (September 2017). It was approved by the WHO as a reference database (http://www.who.int/peh-emf/ research/database/en/index1.html). The identification of studies to be included in the EMF-Portal is based on systematic search strategies in major literature databases including PubMed, Cochrane Library, and the IEEE Xplore Digital Library. The searches are conducted periodically, i.e., these databases are screened daily or at least weekly. To supplement the electronic database searches, additional records are identified by checking reference lists of journal articles and reviews. Prior to inclusion of relevant articles in the EMF-Portal, they are labeled as to study design (e.g., experimental, observational), exposure (e.g., static fields, extremely low frequency fields, mobile communication), examined endpoint (e.g., cell functions, brain, DNS, or cancer) and publication form (e.g., original research article, review, editorial, report). This a priori categorization process enables us to perform highly specialized searches.
Our search in the EMF-Portal was based on a single search term ("static electric field"). All articles containing variations of this term such as "DC electric field" or "HVDC" were also retrieved because these articles are all pooled under the main label "static electric field" in the EMF-Portal (for link to database search, see also Petri et al., 2017) , Additional file 1, Search strategy)
Eligibility criteria and study selection
The eligibility criteria were defined using the Population, Exposure, Comparison, Outcome (PECO) strategy (National Toxicology Program, 2015) . Articles were included in this review when they reported experimental studies of invertebrates or plants (P) with exposures to static EF (E). Considered outcomes were effects of static EF on biological functions (O) which were compared to a non-exposed control group or a sham control condition (C). To be eligible for inclusion, studies further needed to indicate the static EF strength and outline at least briefly the experimental setup. Only peer-reviewed articles written in English or German were considered. There was no restriction with regard to the year of publication. Review articles, editorials, commentaries and unpublished or clearly not peer-reviewed articles were excluded. Also excluded were studies that focused solely on contact currents and micro-shocks, as well as dosimetric studies, theoretical studies and (1) germination rate was reduced after treatment for 60 minutes at 500 kV/m (statistically significant: p = 0.0015, effect size: d = 6.33)
(2) NMR spectroscopy of the physical state of water in the seeds yielded that EF treatment increased the fraction with the shortest relaxation time and decreased with the longest relaxation time (not clear whether statistically significant, no effect size calculated because of lack of data), because no change in total water content was observed the authors suggest that water molecules in cells were more strongly restricted in motion germination rate; physical state of water in the germinating seeds Environmental Research 160 (2018) 60-76 simulations.
In a first stage of assessment, the titles and abstracts of the identified and potentially relevant articles were independently screened and assessed by two authors (AKP, SD). Articles which failed to meet the inclusion criteria were sorted out. For those abstracts which met the inclusion criteria, the full text was retrieved and independently reviewed by the same authors in the second stage of assessment. The two authors made a final decision about the inclusion of the articles for review.
Data extraction
The data of relevant articles were extracted independently by two authors (AKP, SD). The extraction protocol was defined and agreed upon before the start of the project. Extracted data included bibliographic data, the exposed species, number of examined animals or plants/seeds, static EF strength in kilovolts per meter (kV/m), exposure duration, examined endpoints and outcomes. If the peer-review status of a study was unclear, a remark was made in Tables 1 and 2 (see column "remarks"). Disagreements and technical uncertainties were discussed and resolved between review authors.
Study appraisal
We assessed the internal validity of the included studies, i.e., the extent to which potential sources of bias may have affected the confidence in the results, using a modified approach developed by the National Toxicology Program's Office of Health Assessment and Translation (OHAT) (National Toxicology Program, 2015; Rooney et al., 2014) . The OHAT risk-of-bias rating tool consists of a set of questions and provides detailed instructions on how to evaluate methodological rigor in studies with a focus on environmental health and toxicology.
Ten methodological criteria were applied to rate the experimental animal and experimental plant studies for biases in selection, performance, detection, attrition/exclusion, or selective reporting (e.g., randomization of exposure level, study design accounts for confounding/ modifying variables, blinding of research personnel, confidence in the exposure, and confidence in the outcome assessment).
Currently, there is no established tool to assess risk-of-bias in published plant studies, but the OHAT criteria for experimental animal studies are suited for plant studies in most regards. Only the criteria (1) randomization of the administered dose or exposure level and (2) adequate allocation concealment to study groups were modified to be applicable to plant studies. We re-defined the ratings for these criteria based on an "Extended Risk-of-Bias Approach to Address In Vitro Studies" which is currently applied by OHAT (https://ofmpub.epa.gov/ eims/eimscomm.getfile?p_download_id = 526750). Thus, in cases where the procedure for the selection of plants was reported, we classified these studies as definitely/probably low risk-of-bias when there was direct/indirect evidence that plants or seeds were taken from a homogenous sample because variations or differences between groups are then minimized. In cases where the selection procedure was not described or when there was indirect/direct evidence that plants or seeds were taken from inhomogeneous samples, these two criteria were rated as probably/definitely high risk-of-bias.
Besides the items recommended in the OHAT handbook published in 2015 (National Toxicology Program, 2015), we added another criterion to rate whether the design of individual studies accounted for confounding or modifying variables. This criterion is essential for the evaluation of studies with exposures to static EF to address the potential effect of missing controls for confounders like the presence of air ions, ozone, nitric oxide, or noise.
Two authors (KS, AKP) independently assessed these criteria for all included studies according to the following ratings: "+ + " definitely low risk-of-bias; "+ " probably low risk-of-bias; "-"probably high riskof-bias, or "-" definitely high risk-of-bias. Disagreements in the assessment were discussed between the two authors and resolved by consensus.
To reach conclusions about the overall risk-of-bias of the individual studies, we used the OHAT approach for categorizing studies into tiers to rate study quality (National Toxicology Program, 2015) . OHAT outlines a 3-tier system with "key" risk-of-bias elements being defined on a project-specific basis. Three critical risk-of-bias elements given the highest weight in determining study quality in this evaluation were (1) study design that accounted for confounding/modifying variables (2) confidence in the exposure characterization, and (3) confidence in the outcome assessment. Placement of a study into one of three study quality categories (1st tier, 2nd tier, or 3rd tier) was contingent on the rating of these three key risk-of-bias criteria and on the rating of the remaining seven criteria which were given less weight (for more detailed descriptions and example classifications see Petri et al., 2017 , Additional file 1, Table A1 ).
Analyses
To estimate the biological significance of reports of nominally statistically significant effects (p < 0.05), effect sizes were calculated for individual studies using Cohen's d (Cohen, 1988) .
Results
Study selection
The systematic search returned 372 articles that matched the search criteria. After screening the title and abstract, 234 articles were excluded for various reasons (e.g., secondary literature, dosimetric articles). The full text was obtained for the remaining 138 articles to check for eligibility to be included in our analysis. Of these, 104 articles were excluded for the following reasons: not dealing with invertebrates or plants (n = 51), static EF strength not provided (n = 35), journal clearly not peer-reviewed (n = 10), no description of exposure setup (n = 3), reviews (n = 3), exposure not with static EF alone (n = 1), or no exposure condition (n = 1). The remaining 33 articles fulfilled the aforementioned eligibility criteria and were included in this review (see also Fig. 2 ).
Of these, 14 articles reported experimental studies of invertebratesmainly insects -and 19 articles reported experimental studies of plants. The endpoints evaluated in most of the invertebrate studies included field perception/behavior and development/reproduction, and endpoints evaluated in the plant studies included mainly germination/ growth/yield and leaf/plant damage (Fig. 3) .
Study appraisal
All of the included studies suffered from methodological flaws, i.e., potential sources of bias that were not sufficiently controlled through appropriate study design, conduct and analysis (Fig. 4) . Thus, no invertebrate studies were placed in the "1st tier", 10 invertebrate studies were placed in the "2nd tier", and 4 studies were placed in the "3rd tier". Internal validity also was rated lower in all plant studies. None of the plant studies were placed in the "1st tier", 14 studies were placed in the "2nd tier", and 5 studies were assigned to the "3rd tier".
Methodological flaws that were common across studies included the procedure for the selection of invertebrates and plants as the subjects of the studies, the blinding of the research personnel, the control of confounders, the exposure characterization, and the confidence in the outcome assessment.
Eight invertebrate studies did not report a randomized method for the assignment of animals to study groups and a lack of allocation concealment may have introduced a substantial risk-of-bias in 13 of the invertebrate studies. Likewise, the majority of plant studies (n = 17) provided insufficient information as to whether the plants or seeds were taken from a homogenous sample to rule out differences between groups. Research personnel were explicitly blinded to the study groups in only 1 animal study; all other animal and plant studies lacked information on procedures to ensure adequate blinding during the course of experimental procedures. Only 2 plant studies had appropriate means in place to control for confounding or modifying variables, while all other invertebrate or plant studies did not or insufficiently addressed this criterion. Confidence in the exposure through measurements or simulations of the static EF strength was not assured in 11 invertebrate and 17 plant studies and thus posed a further potential threat to internal validity. Finally, confidence in the outcome assessment was lowered in 7 invertebrate and 14 plant studies through the use of insensitive instruments to assess outcome measures.
Static EF influences on invertebrates
In total, 14 studies that investigated the effect of static EF in invertebrates under laboratory conditions were included (Table 1) . Various endpoints, including field perception/behavior, reproduction/development, metabolism, gene expression, and brain/nervous system ( Fig. 3) were studied in insects (n = 13) (Altmann, 1959; Chernyshev and Afonina, 1978; Edwards, 1961; He et al., 2016; Jackson et al., 2011; Maw, 1961; Newland et al., 2015 Newland et al., , 2008 Pavelka and Jindrak, 2001; Perumpral et al., 1978; Picton, 1966; Schuà, 1954; Watson, 1984) . One study examined the behavior of planarians under the influence of static EF (Brown, 1962) . The size of the experimental groups varied between 5 and 1966 animals and exposure levels ranged between 0.08 kV/m and 600 kV/m.
Some of the studies were designed to test the suitability of exposure to static EF for pest control (He et al., 2016; Perumpral et al., 1978; Watson, 1984) , but the motivation for most of the studies was unclear. Also, the study authors often did not discuss their results in terms of their potential biological importance (i.e., whether the fields have beneficial or deleterious effects on invertebrate populations) or possible mechanisms by which static EF might influence living systems.
Several studies indicated that invertebrates are able to sense static EF because the animals avoided exposed fodder places and exposed chambers or their locomotor activity was altered upon exposure. Avoidance of static EF was reported in studies of bees (at 1.5 kV/m) (Schuà, 1954) , cockroaches (above 8 kV/m) (Jackson et al., 2011; Newland et al., 2008) , fruit flies (above 34 kV/m) (Newland et al., 2015) , and house flies (above 100 kV/m) (Perumpral et al., 1978) , but thresholds varied considerably between species and experimental settings. Static EF influences on locomotor activity were reflected in reduced rates of locomotion proportional to EF strength in fruit flies (Chernyshev and Afonina, 1978) , cockroaches (Jackson et al., 2011) and blow flies (Watson, 1984) , in increased wing beat frequency of male cabbage loopers with increasing static EF strength (Perumpral et al., 1978) , and in more targeted orientation and turning behavior in fruit flies (Picton, 1966) and planarian worms (Brown, 1962) . These responses were observed in static EF above 0.2 kV/m. A potential causal relationship between exposure to static EF in air and the turning response of planaria reported in the study by Brown (1962) is not supported by consideration of the in situ exposure of the worms. Planarian worms were submerged in water and due to shielding effects of the water the worms would have been exposed to field strengths 6-8 orders of magnitude below the weak field strength of 0.2 kV/m in surrounding air (and barely above natural ambient static EF of 0.130 kV/m). For a very weak in situ field to produce orientational responses would require an extreme and frankly incredible sensitivity of the worms to static EF, thus suggesting a role for some other factor(s) besides static EF to explain the behavioral responses.
Newland and his colleagues examined the mechanisms underlying the ability to perceive static EF and scrutinized sensory structures for the detection of such fields in cockroaches (Newland et al., 2008 ) and fruit flies (Newland et al., 2015) . They suggested that static EF generate The numeric values indicate the number of studies which examined the listed endpoints. Note that one invertebrate study and six plant studies examined two or more endpoints and are therefore listed more than once in the pie chart. Environmental Research 160 (2018) 60-76 an uneven charge distribution on the body surface and cause mechanical deflection of negatively charged body attachments, such as antennae in cockroaches and wings in fruit flies, towards the positive electrode. This mechanical deflection was recognized by sensory receptors at the base of the antennae. Intact slender structures were necessary for avoidance behavior; i.e., insects with excised slender structures were no longer able to perceive and avoid static EF. Additionally, Newland et al. (2015) reported modifications in the levels of biogenic amines (serotonin, dopamine, octopamine) in the brains of fruit flies upon exposure to static EF of 70 kV/m and hypothesized a relationship to the flies' avoidance behavior. Other studies reported that exposure to static EF has an influence on metabolic activity, reproductive behavior/development, and gene expression in insects.
K. Schmiedchen et al.
Increased oxygen consumption and increased food intake was found in bees, cockroaches, Indian stick insects and wasps during exposure to weak static EF between 1.4 and 2.8 kV/m (Altmann, 1959) .
Reproductive behavior and development were examined in 3 studies. While Maw (1961) found a stimulating effect of a relatively weak static EF (0.12 kV/m) on the oviposition rate of the ichneumon wasp Scambus buolianae, two other studies reported negative effects such as a decreased oviposition rate and delayed hatching in hemlock loopers (18 kV/m) (Edwards, 1961) or prolonged developmental duration and shortened lifespan in aphids (200-600 kV/m) (He et al., 2016) . The inconclusive results of the 3 studies on reproductive behavior and development may have been due to the large range of applied field strengths. He et al. (2016) speculated that the static EF induces an electric charge redistribution and nerve impulse interposition in the animal.
Finally, Pavelka and Jindrak (2001) reported that static EF (1.5 -2.5 kV/m) suppressed the expression of the Curly (Cy) mutation in fruit flies when exposed in a medium lacking Riboflavin due to light exposure. The Cy gene is responsible for an alteration of the wing form of fruit flies and although the authors proposed that EF may alter ion currents during the ontogenesis of the fruits fly, they did not discuss the biological importance of their results. 
Invertebrate studies
Plant studies Study quality Altmann (1959) Brown (1962) Chernyshev & Afonina (1978) He et al. (2016) Jackson et al. (2011) Maw (1961) Edwards (1961) Newland et al. (2015) Pavelka & Jinrák (2001) Perumpral et al. (1978) Picton (1966) Schuà (1954) Watson (1984) Bachmann et al. (1971) Bachmann & Reichmanis (1973) Costanzo (2008) Cramariuc et al. (2005) Isobe et al. (1999) Murr (1963a) Murr (1963b) Murr ( Fig. 4 . Quality assessment. Risk-of-bias ratings for 14 invertebrate and 19 plant studies. Criteria ratings served as basis for the assignment of individual studies to one out of three study quality categories (1st tier, 2nd tier, 3rd tier). Black frames indicate key risk-of-bias criteria.
Static EF influences on plants
Nineteen plant studies met the inclusion criteria for this review (Table 2) , of which 8 studies were conducted by L.E. Murr in the same laboratory. The included plant studies examined static EF influences on germination/growth/yield, plant/leaf damage, the concentrations of essential elements, and metabolism (Fig. 3 ) in species such as orchard grass, sweet corn, soy bean, morning glory, or barley (Bachman et al., 1971; Bachman and Reichmanis, 1973; Costanzo, 2008; Cramariuc et al., 2005; Isobe et al., 1999; Murr, 1963a Murr, , b, c, 1964a Murr, , b, 1966a Sidaway, 1966; Sidaway and Asprey, 1968; Wang et al., 2007; Wheaton et al., 1971; Zhao et al., 2011) . The applied field strengths varied considerably between studies (0.25-500 kV/m) and the number of plants/seeds per study group was between 5 and 125.
Several studies observed changes in plant morphology (e.g., leaf tip burning, discoloration) at exposures to static EF above 40 kV/m (Bachman and Reichmanis, 1973; Murr, 1963a Murr, , b, c, 1966a . Detailed microscopic analyses of the leaves revealed an irregular arrangement of chloroplasts and destruction of the internal cell structure (Murr, 1963a, c) .
Additionally, Murr found that the levels of essential elements (e.g., iron, zinc, and aluminum), which serve as enzyme co-factors were elevated after exposure to static EF (30-115 kV/m) and hypothesized that altered enzyme activities may have damaged the leaf structure (Murr, 1963a (Murr, , 1964a (Murr, , 1966a .
Noticing the presence of ozone and corona noise during their experiments, Bachman et al. (1971) and Bachman and Reichmanis (1973) speculated that the cause of the observed morphological and physiological changes was not the static EF itself, but the concomitant phenomena of the electrostatic environment such as air ions, ozone, or the flow of electric current. This hypothesis has been supported by the work of Murr (1966a) .
Developmental parameters such as germination rates, plant growth, and yield upon exposure to static EF were investigated in several laboratories, but the results reported were not consistent across studies. While some studies indicated a beneficial effect, i.e., accelerated plant growth (Bachman et al., 1971; Cramariuc et al., 2005; Mahmood et al., 2014) and augmented yield (Cramariuc et al., 2005 ) with a broad range of field strengths (between 0.5 and 400 kV/m), others reported an adverse effect, i.e., exposure to field strengths between 15 and 75 kV/m decelerated plant growth (Murr, 1963b (Murr, , c, 1964b and reduced crop yield (Murr, 1964b) . Two studies observed both accelerated and decelerated growth, dependent on the applied EF strength (Murr, 1966b) and on the examined plant species (Murr, 1966c) . Only one study found no effect at all (Costanzo, 2008) , presumably because the applied static EF strength of 3.6 kV/m in the latter study was much weaker.
The germination rate of plant seeds under the influence of static EF was further examined in 5 studies. A problem of interpretation arises because unless the seeds were exposed bare in air to the static EF, soil coverage would largely or totally attenuate exposure of the seeds depending upon soil conductivity. Isobe et al. (1999) reported a statistically significant decrease in the germination rate of morning glory seeds after 1 h of exposure (500 kV/m). Additionally, for field strengths above 267 kV/m, the authors noticed that water molecules in the exposed seeds' cells were more restricted in motion compared to unexposed seeds. Isobe and colleagues hypothesized that this effect could be caused by membrane reorientation and disarrangement. In contrast, Bachman et al. (1971) found a promoting effect on the germination rate. A planting of wax beans germinated earlier when exposed to static EF between 100-300 kV/m. Sidaway (1966) tested whether the direction of the static EF would influence germination rate and found that 24 h of exposure to a positive static EF of 36 kV/m (positive electrode above) decreased the germination rate in lettuce seeds sown on filter paper, while negative static EF had a slightly stimulating effect on the germination rate. In two further studies, no differences between exposed and control seeds (grain sorghum and wax bean under soil; sweet corn and soy bean in either air-dry condition or soaked in water) were found (Murr, 1966c; Wheaton et al., 1971) . The inconclusive data suggest that the effect on plant development may depend on the strength and direction of the static EF and probably also on the plant species.
Finally, three studies examined static EF influences on the metabolic activity of plants. The respiratory activity of diverse plant materials (e.g., spadix slices of Arum masculatum, wheat seedlings) upon exposure to static EF of approximately 5-6 kV/m was reported to be increased in a study by Sidaway and Asprey (1968) . The effect was more pronounced in a negative field, although it should be noted that the results across species displayed a great heterogeneity. Two further studies found evidence that exposure to static EF could be a useful and promising tool to extend the shelf-life of tomato fruits (Wang et al., 2007; Zhao et al., 2011) . Exposures to 100-300 kV/m (Wang et al., 2007) and 200 kV/m (Zhao et al., 2011) delayed several biochemical reactions (e.g., reduced ethylene production, increases in activities in antioxidant components) and thus promoted a delayed maturation process of tomato fruits.
Dose response considerations
Our analysis indicated that in studies applying different static EF strengths, the responses usually were more pronounced with increasing field strength.
In field perception experiments with insects, locomotor activity decreased proportional to field strength (Chernyshev and Afonina, 1978; Jackson et al., 2011) . Also, the greater the field strength, the more likely were invertebrates to avoid the static EF (Jackson et al., 2011; Newland et al., 2015 Newland et al., , 2008 . Perumpral et al. (1978) reported an increase in the wingbeat frequency of male cabbage loopers as the strength of the static EF increased. Very high field intensities > 350 kV/ m caused paralysis and death in blowflies and fruit flies (Watson, 1984) , possibly due to physical exhaustion from trying to fly against the physical force of the field on the wings or due to corona action at external slender structures. Increasing field strengths (between 200 kV/m and 600 kV/m) also negatively affected developmental stages of wheat aphids (He et al., 2016) .
In plant studies, exposures greater than 40 kV/m were required to produce leaf tip burning (Bachman and Reichmanis, 1973; Murr, 1963b Murr, , c, 1966a . Isobe et al. (1999) -applying field strengths between 133 and 500 kV/m -reported reduced germination rates only at the highest field strength of 500 kV/m.
Discussion
Summary of evidence and relevance to HVDC transmission lines
The present article systematically reviewed 33 studies regarding the potential for adverse effects of static EF on invertebrates and plants. Fourteen invertebrate studies and 19 plant studies met the eligibility criteria and were included in this review.
The most consistent evidence was found for studies investigating behavioral responses in invertebrates upon exposure to static EF. These studies reported avoidance of exposed places (Jackson et al., 2011; Newland et al., 2015 Newland et al., , 2008 Perumpral et al., 1978; Schuà, 1954) or altered locomotor activity (Brown, 1962; Chernyshev and Afonina, 1978; Jackson et al., 2011; Picton, 1966; Watson, 1984) . Newland et al. (2015 Newland et al. ( , 2008 suggested that deflection of body attachments (antennae, wings) allows the animals to perceive and react to the static EF. This finding is in line with reports that perceived sensations are the result of sensory stimulation of external, slender structures such as mechanosensory hairs distributed over the body in bumblebees (Sutton et al., 2016) , antennae in honeybees (Greggers et al., 2013) , body hair in humans (Chapman et al., 2005 ; Odagiri-Shimizu and Shimizu, 1999), or fur in cats (Kato et al., 1986) . A study by Clarke et al. (2013) found that bumblebees can detect floral EF and make use of them as a cue to forage, although the authors did not discuss the underlying mechanism of this sensory ability. Furthermore, six invertebrate studies reported effects upon static EF exposure on physiological functions that were expressed as altered metabolic activity (Altmann, 1959) , delayed reproductive and developmental stages (Edwards, 1961; He et al., 2016; Maw, 1961) , suppressed gene expression (Pavelka and Jindrak, 2001) , and modification of neurotransmitter concentrations (Newland et al., 2015) .
Likewise, the majority of plant studies reported static EF effects on morphology and physiological functions. The authors of these studies observed alterations in germination rates, growth and yield (Bachman et al., 1971; Cramariuc et al., 2005; Isobe et al., 1999; Mahmood et al., 2014; Murr, 1963b Murr, , c, 1964b Murr, , 1966a Sidaway, 1966) , leaf damage (Bachman and Reichmanis, 1973; Murr, 1963a Murr, , b, c, 1966a , increases in metabolic activity (Sidaway and Asprey, 1968; Wang et al., 2007; Zhao et al., 2011) , and variations in nutrient status (Murr, 1963a (Murr, , 1964a (Murr, , 1966a . Only the studies by Costanzo (2008) and Wheaton et al. (1971) -that examined developmental parameters in plants -did not report any statistically significant effects between exposed and control groups.
Although all included articles in this systematic review reported experimental trials under controlled conditions, the overall quality of evidence was determined to be low, based on the assessment that most of the included studies lacked scientific rigor and because of a lack in homogeneity in the applied static EF strengths, the size of study populations and the examined endpoints.
Some studies by independent investigators evaluated the same endpoint, but none of the reported effects can be considered to be replicated at present because the exposure parameters and the examined species were different in studies conducted by separate laboratories.
A further issue that lowered confidence in the reported effects concerns the measure of significance. The interpretation of the results solely relied on p-values for statistical significance testing or no statistical evaluation. Biological significance as indicated by effect sizes, however, turned out to be low for some studies such that the relative impact of the reported effects was overestimated by just consideration of statistical significance alone. On the other hand, the effect sizes in several studies suggest very large effects, but these effects may be confounded by poor methodological study quality. We were unable to provide effect sizes for around half of the reviewed studies, because these studies lacked information on the number of animals/plants or standard deviations by exposure/control group.
The experimental studies of invertebrates and plants exposed to static EF may have limited relevance to the environment under or close to HVDC lines because the static EF strengths applied in a large number of the experimental studies reviewed were far greater than the static EF measured under a 500-kV line (21 kV/m) (Bracken, 1978) or under a 600-kV line (35 kV/m) (Maruvada, 2012) .
At field levels encountered from natural sources or HVDC lines (< 35 kV/m), the available data, from the research reviewed, limited as it is, only provide reliable evidence that these field strengths are sufficiently high to be detected by invertebrates and initiate behavioral responses. However, the data do not provide reliable evidence for adverse effects of static EF on other biological functions in invertebrates and plants at static EF levels < 35 kV/m. Given that static EF do not enter the organism to any appreciable extent, it is most reasonable to conclude that the reported alterations of physiological functions and changes in plant morphology were either secondary responses to sensory stimulation of the static EF on the organisms' surface or that these responses were triggered by the presence of confounders as part of missing control in exposure settings.
At far higher exposure levels than those that are expected in the near vicinity of power lines, adverse effects appear more likely. Some of the included studies provide evidence that field strengths greater than 35 kV/m are required to affect physiological functions and morphology and that the responses are more pronounced with increasing field strength. Field intensities above 35 kV/m and up to 600 kV/m were applied in 5 invertebrate and 16 plant studies. It can be assumed that the field strengths in these studies at points on the invertebrates and plants were even much higher because of the field increases at sharp body attachments or the tips of sharp-pointed leaves. It was hypothesized that very high field strengths are able to polarize and split air molecules at the surface of an organism (Bachman et al., 1971; Murr, 1966a) . Thus, leaf damage or delayed developmental stages in studies applying high field strengths were probably caused by concomitant parameters of the electrostatic environment, i.e., by corona discharge which is accompanied by ionization of air molecules, active current flow to the specimen, or the release of ozone and nitric oxide (Bachman et al., 1971; Bachman and Reichmanis, 1973; Murr, 1966a) . Evidence for this hypothesis comes from a study by Menser et al. (1963) who directly showed that elevated ozone levels caused injuries in tobacco leaves. As early as in the 1970s, Bachman et al. (1971) had therefore emphasized the necessity to simultaneously measure flow of electric current and the concentration of air ions and ozone in studies wishing to explore biological reactions upon EF exposure, but these control measurements were not consequently implemented in subsequent studies.
In addition, it should be noted that EF from overhead alternating current (AC) transmission lines at field levels expected on the rights-ofway of lines operating at voltages up to 1100 kV produce no damage to plants or only limited damage to leaf tips in some plants at EF above 20 kV/m (McKee et al., 1978) . As the surface effects of AC and DC fields are similar but DC fields do not produce significant capacitive-coupled currents within invertebrates and plants, any effects of static EF would be similar to or less than those at 50/60 Hz EF.
Consistency with 'grey' literature
Given the general poor quality of the studies reviewed here that were published in scientific journals, we felt it important to search for unpublished research studies that might provide a contrary perspective. We found studies of HVDC lines and evaluated whether these reports in the grey literature were consistent or not with the literature we reviewed. Our evaluation of these studies was that these unpublished studies were of similar or better methodological quality than those we evaluated that were published in journals.
An outdoor experimental test facility in Japan was designed to examine the possible effects of a ± 100-kV DC transmission line on the growth of wheat plants positioned at 3, 4.5, and 6 m below the conductors of a + 100-kV and a −100-kV test line above ground (Endo et al., 1979) . At 5 m above the ground the calculated EF was 70 kV/m. Although, the investigators concluded overall that there were no statistically significant differences between the control and exposed plants with regard to development and differentiation, in the last month of the growing season the height of the plants under the conductors was 5% lower than control plants and 12-26% fewer tillers were measured on exposed plants. It should be noted that the minimum allowable clearance of conductors of operating HVDC lines to ground is about 5.2 m for a 100 kV line (higher than all but one of the conductor clearances in the Endo et al., 1979 study) and about 7 m for a 500-kV line (Institute of Electrical and Electronics Engineers, 2012). Differences among plants in the exposed group, however, were not clearly related to differences in the strength of the applied EF. Even with these observed differences between exposed and control plants, the investigators did not report that the harvest yield or composition of the stems or seeds was affected. The EF produced under this test line may be higher than the maximum calculated EF produced by most operating HVDC lines, but there are inconsistencies in the reporting of field levels in the Endo study. Krupa and Pratt (1982) surveyed the growth, condition, and disease incidence in crops grown in 25 plots located 30.5 m from the centerline of a ± 400-kV HVDC transmission line. No effects attributable to the presence of the transmission line (including exposure to ozone, nitrous oxides, air ions, or to electric or MF) were detected based upon reference data of the local Animal and Plant Health Information System.
The most comprehensive study of effects of a HVDC transmission line on plants was performed by scientists from Oregon State University for the Bonneville Power Administration, a division of the U.S. Department of Energy, at a site in central Oregon near Madras (Raleigh, 1988) . Simulated farming and assessments of plots of wheat and alfalfa directly under the Pacific DC Intertie transmission line while operating at ± 500 kV, compared to identical plots 2000 feet away, were carried out for two growing seasons. The study concluded that there were no differences in the yield or quality of crops harvested from these two sites or evidence of differential deposition of dust, wheat tip desiccation, or plant disease incidence. The maximum average EF recorded during the study under the positive pole was 9 kV/m and under the negative pole, −17 kV/m, respectively.
Altogether, the results of these studies are consistent with the body of evidence published in peer-reviewed journals on the effects of static EF on plants.
Limitations
The conclusions of this systematic review are based on the studies which were selected by using the outlined search strategy and inclusion criteria. Because we only considered peer-reviewed articles written in English and German in our detailed analysis, it is possible that we may have missed some few articles published in other languages and articles which did not undergo a peer-review process (grey literature). It is also possible that relevant search terms for the identification of articles to be included in the EMF-Portal could not be found in the title, abstract or MeSH terms such that the searches in major literature databases did not return all potentially relevant articles.
All of the included invertebrate and plant studies suffered from methodological flaws, in particular as to the assignment of the animals and plants to study groups, the level and method of blinding, the confidence in the exposure, and the control for confounders. That is, the included studies were not fully credible in terms of design and conduct which lowered the certainty in the reported exposure effects. Also, there is a possible risk of publication bias in this line of research. Many published articles reported effects of static EF on biological functions, even at very weak field strengths. Studies indicating no such casual relation were probably less likely to be published, thus potentially biasing the available literature.
Finally, because individual studies were not sufficiently similar with regards to exposure parameters and examined endpoints, it was not possible to synthesize the data and assess the level of consistency in the results across studies in a meta-analysis.
Conclusion
This evaluation of static EF effects provides evidence that the invertebrates can perceive the presence of these fields at levels that are expected near or under HVDC transmission lines (< 35 kV/m), most likely through stimulation of external body structures such as hair or antennae. Response thresholds varied considerably between species.
Furthermore, many invertebrate and plant studies described static EF influences on physiological functions and morphology for a large range of static EF strengths (between 0.08 and 600 kV/m). It is unlikely that any of these effects was caused by a direct interaction of the static EF with cells, because the fields are nearly entirely attenuated at the surface of an organism (Polk and Postow, 1996) . At exposures to static EF for levels encountered in the vicinity of HVDC lines (< 35 kV/m), it appears that superficial sensory stimulation of the static EF is the basis for any such indirect physiological effects. In electrostatic environments with far higher exposure levels, the likelihood for the production of corona (including corona-generated by-products) through surface polarization increases at pointed leaves in plants or at external slender structures in animals. The reported adverse effects on physiological functions and morphology may thus be explained by concomitant factors of the electrostatic environment.
Future research would therefore ideally help to clarify influences of air ions, ozone, nitric oxide, and current flow. We also recommend that any new studies aim to achieve a higher credibility of the results by minimizing selection biases of the study population, by blind rating of responses by experimenters and static EF strengths ideally verified by measurements or at least simulations. As stated in more detail in the first part of our systematic review (Petri et al., 2017) , a well-controlled and validated exposure setting is the most critical aspect of EMF research.
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